The edible alga Spirulina platensis was uniformly labeled with 13C by growth in an atmosphere of pure
3C02. The labeled biomass was then incorporated into the diet of a laying hen for 27 days. The isotopic enrichment of individual amino acids in egg white and yolk proteins, as well as in various tissues of the hen at the end of the feeding period, was analyzed by negative chemical ionization gas chromatography/mass spectrometry. The amino acids of successive eggs showed one of two exclusive enrichment patterns: complete preservation of the intact carbon skeleton or extensive degradation and resynthesis. The same observation was made in tissue proteins. These patterns were cleanly divided according to known nutritional amino acid essentiality/nonessentiality but revealed differences in labeling among the nonessential amino acids: most notable was that proline accretion was derived entirely from the diet. Feeding uniformly 13C-labeled algal protein and recovering and analyzing de novo-synthesized protein provides a useful method to examine amino acid metabolism and determine conditional amino acid essentially in vivo.
The use of stable isotopically labeled amino acids has been the key to many developments in our understanding of the protein metabolism of humans (1) (2) (3) (4) . Stable isotopically labeled amino acids have also been used to examine some important practical questions concerned with human nutrition. In a recent series ofreports, Young and coworkers (5) (6) (7) have reported the use of amino acids labeled with 13C on the carboxyl group to examine the essential amino acid requirements of adult men; the studies have provided invaluable information about the obligatory metabolic "needs" for these amino acids (3, 8) . This approach, however, does not directly address questions related to the efficiency with which different dietary proteins support metabolic requirements. Such information is necessary if biological needs are to be converted into dietary recommendations. Questions about the extent to which dietary proteins support metabolic requirements can best be answered by comparing the use of dietary protein with free amino acids administered i.v. This method would enable an estimate of the significance of protein digestibility and absorptive processes for overall requirements of dietary amino acids.
In general, 13C-, 2H-, and '5N-isotopes are inserted into single amino acids via specific chemical reactions. This process limits the number of positions within a given molecule that can be labeled, which, in turn, limits the metabolic information that can be obtained from studies with commercially available amino acids. Apart from the extremely high sensitivity with which uniformly labeled substrates can be detected, they can be used to great benefit in studies of intermediary metabolism. For example, several recent reports describing hepatic glucose metabolism in vivo have depended on the use of [U-_3Clglucose (9-11) and have included a detailed analysis of the mass isotopomer labeling patterns in the circulating glucose and its metabolites. This technique could be equally useful in studies of amino acid metabolism and synthesis. Although many aspects of amino acid metabolism are well understood, there are still important qualitative and quantitative issues to be studied. Such issues include the scale and regulation of the synthesis of an amino acid subgroup (exemplified by cysteine, glycine, proline, and arginine) that has been categorized as conditionally essential (12) . The availability of uniformly 13C-labeled amino acid precursors would enable these questions to be studied experimentally.
Over the last 10 yr, our group has used bacteria (13), higher plants (14) , and lactating women (15) to produce dietary carbohydrates and proteins labeled with stable isotopes. The carbohydrates and proteins have then been used to study carbohydrate digestion and fermentation (16) (17) (18) and to probe the details of the absorption of intact milk proteins by premature infants (19) .
The present paper reports on the practicality of producing highly enriched, uniformly labeled proteins by growing alga in closed hydroponic culture under conditions in which the sole source of carbon was 13C02. The method enabled the isolation of algal biomass that was efficiently enriched and uniformly labeled. In >97% of the amino acid molecules of the alga, all C atoms of the carbon skeleton were uniformly 13C-labeled. By incorporating the labeled alga into the diet of a laying hen, we were able to isolate highly enriched proteins that are common components in human diets. Moreover, analysis of the isotopomer pattern of the hen tissue and eggs gave insights into avian amino acid metabolism under average feeding conditions. These results will enable us to gain additional information about human amino acid metabolism.
MATERIALS AND METHODS
Methods. Spirulina platensis is a ubiquitous microorganism, which, when grown in the laboratory, contains :60-65% protein in its dry matter (20, 21) . Although the content of lysine, cysteine, and especially methionine is lower than in "good quality" proteins (refs. 21, 22 ; Table 1 ), there are individuals (e.g., dwellers around Lake Chad) who habitually consume S. platensis as a major protein source. In the present study, we produced 500 g ofS. platensis biomass 97% uniformly labeled with 13C by growing it in closed hydroponic culture and gassing it with 99% 13C02 (23) .
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Biochemistry: Berthold et a!. (Table 1 ) was calculated on the basis of separate analyses of the corn and S. platensis and the extra tryptophan. Although all amino acids were appropriate for current recommendations, we calculated that tryptophan was probably first limiting, followed by cysteine, lysine, and methionine. The feed was offered to a laying hen (DeKalb White Leghorn) for 27 days. The average feed intake was 100 to 120 g/day.
The hen laid 23 eggs over this period. At the end ofthe feeding period, the hen was killed, and its internal organs and carcass were individually deep frozen at -70°C. Each egg was opened under sterile conditions and separated into white and yolk fractions. The fractions were lyophilized and stored at -600C.
Protein Isolation and Gas Chromatography/Mass Spectrometry (GC/MS). The lipids were extracted from the Iyophilized yolks [3 mg of lyophilized yolk was extracted twice in a mixture of 2 ml of water and 3 ml of hexane/1propanol, 3:1 (vol/vol) solution], and the dry proteins were hydrolyzed either with 6 M hydrochloric acid (114°C for 24 hr) or with 4 M methanesulfonic acid to recover tryptophan [114°C for 24 hr (24) ]. The amino acids were isolated by cation-exchange chromatography, and their functional groups were derivatized with hydrochloride isopropanol and heptafluorobutyric anhydride for GC/MS analysis (25, 26) .
Tissue samples (Ql mg) were taken from both the internal organs and the carcass, homogenized in water, and after acid hydrolysis, the amino acids were derivatized by using the same procedures described above.
The isotopic enrichment of glycine, alanine, valine, leucine, isoleucine, proline, phenylalanine, tyrosine, tryptophan, methionine, serine, threonine, asparagine and aspartate, glutamine and glutamate, lysine, arginine, and histamine in the S. platensis/feed mixture, the egg yolks and whites, and the tissues was determined by GC/MS. We analyzed the amino acid derivatives in triplicate on a Hewlett-Packard 5988A GC/MS system using negative chemical ionization with methane as the reagent gas. Selected ion monitoring was done on the [M-HF] fragment from all ions [M] to [M + x + 2], where x is the number of C atoms in the respective amino acid. (The mathematical procedures needed to deconvolute the overlaying mass spectra of individual isotopomers can be obtained upon request from the authors.) Thus, in an amino acid of six carbons, the uniformly labeled molecule is detected as a molecule with a mass number 6 more than the [12C6]amino acid. In this example, the labeled amino acids in the diet were highly uniformly labeled with 13C; thus, mass increments of platensis amino acids was significantly different between essential (64.5 + 4.68) and nonessential amino acids (77.9 + 3.78) (mean + SD; P < 0.001). Formulation of the pure alga into poultry feed resulted in a "dilution" of uniformly labeled (UL) amino acids to between 20 and 60%6 abundance (white). Black bars show the natural abundance for comparison. These values were calculated on the basis of the natural isotopic abundances of all atoms forming the molecule analyzed by GC/MS-i.e., the atoms forming the amino acid plus the atoms added to derivatize the functional groups ofthe amino acid.
Note that an [M + 10] or higher isotopomer in phenylalanine can be seen due to the statistical probability of having 13C atoms in the derivatizing groups and/or having heavy isotopes of hydrogen, nitrogen, or oxygen in addition to the 13C atoms of the carbon skeleton.
Virtually all of the amino acids examined were either conserved without alteration (Fig. 2 Phe) or underwent extensive dismutation and reassembly ( Table 2 ). These patterns followed the conventional categorization ofamino acids into nutritionally indispensable (label pattern conserved) and dispensable (label pattern randomized).
There were, however, three exceptions. (i) On the basis of the isotopomer distribution, proline behaved as if it were an essential amino acid for egg and tissue protein synthesis and reached a final enrichment of the [M + 5] species equivalent to that in the diet. (ii) The second exception was cysteine; most (76%) of it was incorporated into the avian proteins with a conserved carbon skeleton, but a small proportion entered Incorporation oflabeled isotopomers in egg white protein phenylalanine and glutamate over 27 days of feeding uniformly labeled algal biomass to a laying hen. Note that because the ovulation-oviposition cycle time in the chicken is >24 hr (27) , an egg was not laid on every day of the feeding period; to improve legibility of the graphs, the gaps of missing data on days 9, 18, 21, and 26 have been filled in by connecting the adjoining data points. porated into the egg white proteins. The egg protein isotopic enrichments reached the asymptotic portion of the labeling time curve after -18 days. Although the amino acids in the diet were labeled in virtually identical patterns, they were incorporated into egg proteins (data not shown) in two discrete enrichment patterns. The two enrichment patterns became apparent after correction of the distribution of isotope in the two amino acids. (Mathematical procedures can be obtained upon request from the authors.)
In the first isotopic enrichment pattern, the unlabeled phenylalanine in egg protein (Fig. 2 Phe) was replaced by a single isotopic species, the [M + 9] uniformly labeled form. The half-time ofthe incorporation process was 6.2 days in egg whites and 9.4 days in egg yolks. No other isotopic species with less than nine '3C atoms could be detected during the 27-day period. The result, therefore, demonstrated in vivo the essentiality of phenylalanine.
The second enrichment pattern of nonessential amino acids (exemplified by glutamate; Fig. 2 The absolute amount of uniformly labeled amino acid incorporated into tissue protein (Fig. 3) was largely a function of the rate of protein turnover in each tissue. The highest amounts occurred in liver, kidney, and spleen. The mass distribution of labeled species in both essential and nonessential amino acids closely reflected the pattern in the eggs. One possible exception was methionine in which the [M + 4] isotopomer was somewhat more enriched in hepatic than in egg proteins.
We also examined the labeling of selected lipid metabolites in the egg. Although the S. platensis contained no enriched cholesterol, there was substantial enrichment of egg cholesterol with surprisingly significant isotopic enrichment of species as high as [M + 12]. Furthermore, examination of labeled unsaturated fatty acids in the egg triacylglycerol showed that the essential fatty acids linoleic and linolenic were incorporated in the uniformly labeled form, as were the FIG. 3 . Percent incorporation from the diet ofthe essential amino acid phenylalanine and the nonessential amino acid glutamate into tissue proteins. Enrichment of [13C9]Phe in muscle was -36% that in liver and egg white. The enrichment pattern for muscle glutamate was similar to that for egg proteins-i.e., the presence of a high proportion of unlabeled material and all other isotopic species. The relatively high enrichment of [13C,]Glx in liver (13%) demonstrated that this organ is particularly active in the synthesis of nonessential amino acids. essential amino acids. Detailed data on lipid labeling will be reported elsewhere.
DISCUSSION
The initial objective of our study was to examine the utility of using algal biomass highly enriched with uniformly labeled organic species to label proteins that are normally consumed by humans. Although the expense needed to obtain the stable isotopically labeled algal biomass limited the present experiment to one chicken, we were nevertheless able to obtain gram quantities of highly enriched proteins. These proteins can now be used in a variety of ways to examine questions of specific protein digestibility and the general use of dietary protein-bound amino acids. Uniformly labeled metabolic substrates can also be used to study in vivo intermediary metabolism, and the present investigation provided some indications of possibilities that could be exploited. Through detailed analysis of the mass isotopomer patterns of the protein-bound amino acids, we were able to examine some aspects of avian metabolic processes and to do so under natural conditions. Although we have concentrated our efforts on questions related to amino acid metabolism, the examination offatty acid and cholesterol labeling shows that lipid metabolism could also be studied by this method.
Over the last 3 yr, the estimation of amino acid needs, especially for adult humans, has been debated actively. Previous approaches have been criticized on the basis that conditions under which measurements of amino acid requirements were made inevitably altered the nutritional and metabolic status of the subjects (3, 8, 28, 29) . This criticism implies that information so generated might have limited applicability to normal free-living humans consuming common diets. The results of the present study offer an alternative means by which to approach questions of essentiality of organic nutrients and, in particular, to address the specific problem of the so-called conditionally essential amino acids, such as cysteine and proline. In general, the labeling patterns in the egg and body proteins confirmed the well-established nature of the indispensable and completely dispensable amino acids for the laying hen.
At the end ofthe 27-day study, the incorporation of dietary essential amino acids into egg proteins was generally similar; the value suggested that approximately two-thirds had originated from the diet. In contrast, the degree to which the 'IC label became randomized in the nonessential amino acids was remarkably high and showed the facility with which carbon is exchanged between these amino acids and the precursors and intermediates of the Krebs cycle. Even within a background of extensive metabolic interconversion, however, the degree to which the carbon skeleton of different nonessential amino acids was conserved varied not only among the amino acids but also among the various protein end-products. In the egg white proteins, for example, 23% of the glycine and 20% of the aspartate had been incorporated without metabolic transformation; in the same proteins, only 11% of the alanine and 7% of the glutamate had been transferred intact. In addition, the degree of conservation was generally higher in egg protein compared with tissue protein, and the nonessential amino acids in the egg white proteins had a generally higher uniformly labeled 13C enrichment than the yolk. In this context, however, it is important to remember that the measurements were obtained after a prolonged labeling period. The results suggest a tendency, even among nonessential amino acids, for the dietary amino acids to be channeled toward the pathway of net protein production-i.e., the egg. The results also suggest that dietary amino acids escaped complete first-pass catabolism in the gastrointestinal tract and liver, despite the adequate protein intake of the chicken. Our study produced three particularly interesting results. The first concerned proline, an amino acid for which growing birds have a distinct dietary requirement (30) and which is believed to be conditionally essential, at least for growing birds (31, 32) . The feed used in our study was relatively rich in proline. In our study, however, proline behaved isotopically as an essential amino acid for both hen tissue and egg protein synthesis. The results showed that no protein-bound proline had passed through a pool that allowed label equilibrium with glutamate (the precursor for proline synthesis). Early work suggested that egg production could be maintained on a proline-free diet (33, 34) ; either no proline was synthesized in the well-nourished bird in the present experiment or proline synthesized de novo was used in pathways other than those for protein synthesis. Although similar information could perhaps have been obtained by conventional balance experiments involving graded deletions of dietary proline, the experiments would have involved substantial alterations to the diet and presumably would have induced metabolic adaptations that could have obscured the general significance of the results.
The second result that we found interesting was that cysteine behaved isotopically in a manner consistent with that of a conditionally essential amino acid, despite the fact that the cysteine/methionine ratio was adequate. Thus, a high proportion of egg cysteine had been incorporated with a conserved carbon skeleton, but this proportion was lower than that of the essential amino acids. Moreover, there was labeling of the [M + 1] and [M + 2] isotopomers in the egg and tissue proteins, even though the diet contained a more than adequate cysteine/methionine ratio. In view of the high cysteine concentration in gut secretions, it was interesting to find that uniformly labeled cysteine was greatly conserved in the gut proteins.
The third finding was a significant enrichment of the [M + 4] isotopomer of methionine. The enrichment probably represents substitution of 12C for '3C in the methyl group as a result of at least one cycle of de-and remethylation before incorporation into protein. There was also evidence that a small proportion of the methionine was enriched in the [M + 1] and [M + 2] isotopomers, indicating the possibility that a minor metabolic pathway, possibly related to polyamine metabolism (35) , can lead to methionine synthesis in vivo.
Our investigation has shown that the use of ensembles of nutrients uniformly labeled with 13C, coupled with the ability to perform selected ion monitoring over the entire labeled mass range, enabled an examination of various aspects of nutrient metabolism and interconversion. In effect, the procedure enabled the quantification of endogenous synthesis under defined physiological conditions. Thus the conditional essentiality of some specific organic nutrients can be determined in real-life conditions without depriving the organism of the respective metabolites. In this way, adaptive metabolic responses that may alter the pathways under study can be avoided. Short-term feeding of proteins uniformly labeled with '3C followed by the isotopic analysis of rapidly turning over plasma proteins could be used, for example, as a probe of conditional essentiality for individual amino acids in humans. Such findings would be of particular use in studies of infants in whom some important questions regarding amino acid metabolism remain unanswered (36) . Finally, the availability of highly labeled dietary protein sources offers additional opportunities for the study of protein digestibility. 
